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Abstract
Extracellular current stimuli have been used in both electrophysiological and clinical studies. The present study elucidates the
temporal properties of the frog retinal ganglion cell response induced by local transretinal current stimuli. Two classes of spike
response were recorded from the ganglion cell. One had a constant latency ranging from 1.5 to 4.5 ms after the onset of the stimulus
regardless of diﬀerences in stimulus parameters. Another class had a latency that varied from trial to trial between 3.5 and 71.5 ms at
the threshold even when stimulus parameters were identical. The latency became shorter and the number of spike responses
increased as the charge applied via the stimulus pulse was increased by increasing the amplitude (from 50 to 200 lA) or the pulse
duration (from 100 to 1000 ls). In both classes, the current stimuli with the same amount of charge induced responses of a similar
latency for amplitudes between 50 and 200 lA and for pulse durations between 100 and 1000 ls.
 2004 Elsevier Ltd. All rights reserved.
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Extracellularly applied electrical stimuli have been
used to study neuronal mechanisms of various nerve tis-
sues including the retina. Recently, the externally ap-
plied electrical stimulus has been considered as a
means to excite retinal neurons of blind patients suﬀer-
ing from degenerative retinal diseases, such as retinitis
pigmentosa and age related macular degeneration0042-6989/$ - see front matter  2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2004.08.002
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95616, USA.(Chow & Chow, 1997; Eckmiller, 1997; Humayun, Sato,
Propst, & de Juan, 1995; Humayun et al., 1996; Peyman
et al., 1998; Rizzo & Wyatt, 1997; Wyatt & Rizzo, 1996;
Zrenner, 2002; Zrenner et al., 1997; Zrenner et al., 1999).
Accordingly, the eﬀects of amplitude, duration and
waveform of current or voltage pulses applied diﬀusely
to the retina were examined in ganglion cells (Grumet,
Wyatt, & Rizzo, 2000; Humayun, 2001; Stett, Barth,
Weiss, Haemmerle, & Zrenner, 2000), in visual cortex
neurons (Hesse, Schanze, Wilms, & Eger, 2000) as well
as in visual perception (Humayun et al., 1996; Humayun
et al., 1999; Weiland et al., 1999). The eﬀects of external
current stimuli applied with two electrodes placed either
at the inner retinal surface or at the photoreceptor side
were also examined (Chow & Chow, 1997; Humayun,
Propst, de Juan, McCormick, & Hickingbotham, 1994;
Humayun, 2001; Humayun et al., 1996; Humayun
et al., 1999; Walter & Heimann, 2000).
A transretinal current applied diﬀusely over the retinal
tissue is known to cause several types of retinal neurons
264 L. Li et al. / Vision Research 45 (2005) 263–273to release neurotransmitters and give rise to voltage re-
sponses in postsynaptic neurons. Voltage responses were
observed in the second order neurons, i.e., horizontal
cells and bipolar cells, when the retina was stimulated
with a current ﬂowing from the receptor side to the vitre-
ous side (Kaneko & Saito, 1983; Toyoda & Fujimoto,
1984; Toyoda, Fujimoto, & Saito, 1977; Trifonov,
1968). It has been also demonstrated that the calcium
conductance was activated in horizontal cells (Byzov &
Trifonov, 1968;Murakami & Takahashi, 1987) and ama-
crine cells (Takahashi & Murakami, 1988) when transre-
tinal current was applied over entire retina. The eﬀect of
transretinal current, however, is not well characterized
when applied locally to the retinal circuit.
In both the physiological and the clinical aspects, it is
important to clarify the eﬀect of locally applied external
electrical stimuli since the extracellular stimuli given by
electrodes with diﬀerent arrangements might excite neu-
rons by diﬀerent mechanisms, and therefore elicit re-
sponses of diﬀerent properties (Greenberg, Velte,
Humayun, Scarlatis, & de Juan, 1999; Ranck, 1975).
In the present paper, we elucidated temporal properties
of ganglion cell responses to local current stimuli ap-
plied using two electrodes placed transretinally in the
frog retina. Preliminary results have been presented in
abstract form (Li, Kameda, Hayashida, & Yagi, 2001).Fig. 1. Diagram of recording and stimulation system. (A) Side view of the sys
(IT) inside the chamber with a plastic cover (PC). GC, glass chamber; F, ring-s
(B) Top view of the system. Responses of ganglion cells were recorded by six
array with diﬀerent spacing, 100 and 250 lm, were used in this study. Inset: D
the distance between the center of the planar electrode for stimulation and th
balanced biphasic square current stimulus was used to stimulate the retina. A
and the inter-pulse duration, respectively. The waveform of the current stim
across a 10 kX resistor, seen in (B) as Rs, inserted in series with the tungsten e
was subtracted from the top trace. The template is an averaged response o
stimuli. The diﬀerence between the top and the middle traces is shown in th2. Methods
2.1. Retina preparation
Bullfrogs (Rana Catesbeiana, 9.5–11 cm in length)
were dark adapted for 1–1.5 h and pithed under dim illu-
mination. Eyeballs were enucleated and hemisected.
After the cornea and lens were removed, sclera was sep-
arated from the pigment epithelium. The retina was then
isolated from the pigment epithelium. A piece of the ret-
ina about 2–3 mm width was cut from the central part of
the retina. The piece of the retina was then positioned
with photoreceptor side up on the surface of a planar
electrode array. The planar electrode array was fabri-
cated at the center of a glass chamber as illustrated in
Fig. 1A (MED probe, Matsushita Electronic Industrial
Co., LTD, Japan) (Oka, Shimono, Ogawa, Sugihara, &
Taketani, 1999). After rinsing the retina with the Ringer
solution, the Ringer was removed from the chamber and
the retina was ﬁxed by a plastic ring-shaped frame cov-
ered with a tightly stretched piece of mesh. The compo-
sition of Ringer solution was (in mM): NaCl 100, KCl
3.3, CaCl2 2, MgCl2 1, Glucose 10, HEPES 10. During
the experiment, the recording chamber, covered with a
transparent plastic dish, was continuously supplied with
a moist gas (98% O2 and 2% CO2).tem. A moist gas, 98% O2 and 2% CO2, was supplied via the inlet tube
haped frame covered with a piece of mesh; FP, ring-shaped ﬁlter paper.
pairs of neighboring electrodes simultaneously. Two types of electrode
istance between the stimulus and the recording sites, d, was deﬁned as
at of the pair of recording electrodes. (C) Current stimulus. A charge-
mp, pd and ipd represents the current amplitude, the pulse duration,
ulus was monitored during the experiment by measuring the voltage
lectrode.(D) Reduction of artifacts. The middle trace, a template trace,
f recordings obtained from the same electrode pair with subthreshold
e bottom trace.
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The planar electrode array consists of 64 electrodes
arranged in an 8 · 8 array (Fig. 1B). Each electrode is
made of gold (50 nm in thickness), the surface of which
is covered with platinum black to reduce impedance
(Oka et al., 1999). The size of each electrode is 50 · 50
lm. The impedance of the electrode at ﬁrst use is 50
kX or less for a 1 kHz, 50 mV sinusoidal wave. The
impedance of the electrode generally increases after re-
peated use.
2.3. Stimulus
To examine the capability of recording ganglion cell
responses in each planar electrode, the retina was illumi-
nated with a full-ﬁeld diﬀuse light of a green LED
(TLGD240P, Toshiba Company, Japan, peak wave-
length 567 nm) before the current stimulus was applied
to the retina. A square wave with a frequency of 0.2
Hz was used to induce the ganglion cell responses (Ishik-
ane, Kawana, & Tachibana, 1999). The light-induced re-
sponses were checked on each electrode. The electrodes,
in which light-induced responses were observed, were
picked up to record the electrically induced responses.
This procedure, however, does not exclude the possibil-
ity of recording the electrically induced responses from
ganglion cells that do not respond to the diﬀuse light.
After recording the light-induced responses of gan-
glion cells, local current stimuli were applied transreti-
nally between a tungsten electrode inserted into the
outer retina and one of the planar electrodes underneath
the tungsten electrode (bipolar stimulation mode) as
shown in Fig. 1A and B. The position of the tungsten
electrode tip was controlled by a micromanipulator
(MM-220, NARISHIGE) and monitored under a
microscope. The tungsten electrode was placed on the
surface of the retina. In some cases, the tungsten elec-
trode was inserted up to 100 lm from the surface but
no signiﬁcant diﬀerence was observed in the recorded
ganglion cell response. The tungsten electrode had an
impedance of 0.5 MX and the length of the electrically
exposed tip was about 50 lm (TM33B05, World Preci-
sion Instruments).
The current stimulus was a charge-balanced biphasic
square pulse as shown in Fig. 1C. The charge-balanced
stimulus is thought to be less noxious to neural tissue
than the monophasic stimulus (Bartlett, Doty, Lee, Ne-
grao, & Overman, 1977; Brummer & Turner, 1977;
Lilly, Hughes, Alvord, & Galkin, 1955; Margalit et al.,
2002; Tehovnik, 1996). The current stimulus was gener-
ated by a computer-controlled isolator (Model BSI-2,
Bak Electronics Inc., Japan). The amplitude (amp),
pulse duration (pd) and inter-pulse duration (ipd) of
current stimulus were varied to examine the eﬀects of
these parameters on the electrically induced responses.The waveform of the current stimulus was monitored
during the experiment by measuring the voltage across
a 10 kX resistor inserted in series to the tungsten elec-
trode (Fig. 1B). The stimuli of equivalent parameters
were repetitively applied 10 times every 2 s.
2.4. Recording
To reduce the artifact and noise, a pair of neighbor-
ing electrodes was used to record the responses of retinal
ganglion cells (diﬀerential recording conﬁguration, Fig.
1B). Voltage recordings with a monopolar electrode
(reference electrode in the bath) usually produce large
artifacts due to the electrical stimuli that mask ganglion
cell responses induced within 10 ms after stimulus onset.
The artifact can be prominently reduced by taking the
diﬀerence of monopolar recordings using a diﬀerential
recording conﬁguration (Data not shown). Responses
were recorded simultaneously using six pairs of elec-
trodes. The signals recorded by the electrodes were fed
to 8-channel head- and main- ampliﬁers after being
bandpass-ﬁltered (0.1–5 kHz). The signals were then
sampled at a rate of 20 kHz per channel and stored in
the computer.
In some data analyses, the signal obtained by diﬀer-
ential recording, in which the spike activities were ab-
sent, was subtracted from those with spike activities to
further reduce artifacts as shown in Fig. 1D. The upper
trace shows a spike recorded by a pair of electrodes. The
middle trace is an averaged recording obtained with sub-
threshold stimuli from the same electrode pair. The low-
er trace is obtained by subtracting the middle trace from
the upper trace.
Spontaneous spike discharges were seldom observed
in the frog retina. When spontaneous discharges were
observed, the electrically induced responses were dis-
criminated by excluding the responses that showed sim-
ilar waveforms to those of the spontaneous responses.3. Results
3.1. Light-induced responses
Fig. 2 shows ganglion cell responses of dark-adapted
retinas to a full-ﬁeld diﬀuse illumination recorded by a
pair of electrodes. Spike discharges were observed at
either light on and/or oﬀ. In most cases (76 out of 94
recordings from 17 retinas), a higher frequency of spike
discharges was observed when the light was turned oﬀ
compared with on (Fig. 2A). Only oﬀ responses were ob-
served in the rest of the recordings (Fig. 2B).
Waveforms of spikes are shown in Fig. 2C and D.
These waveforms were obtained from the spikes whose
amplitudes were more than three times larger than the
standard deviation of the baseline ﬂuctuations of each
Fig. 2. Light induced responses of ganglion cells to a full-ﬁeld diﬀuse
illumination. Oﬀ and on in A and B stands for the time when the light
was turned oﬀ and on, respectively. (A) On and oﬀ response. The
light intensity was 6.8 · 1010 photonss1 cm2. (B) Oﬀ response. The
light intensity was 1.2 · 1010 photonss1 cm2. (C) Biphasic and
triphasic spikes recorded in this study. (D) Spike waveforms with
opposite phases than those in (C). A narrow biphasic spike (right) was
recorded as well. Spikes recorded in one illumination cycle (5 s) were
superimposed in (C) and (D).
266 L. Li et al. / Vision Research 45 (2005) 263–273trial. As shown in Fig. 2C, some spikes showed a bipha-
sic waveform with an initial positive phase lasting 0.5–
1.0 ms followed by a longer duration negative phase
(left). Another type showed a triphasic waveform (right)
in which the width of the central phase was 0.2–0.4 ms
and the whole width of the spike was 1.0–2.0 ms. Bipha-
sic and triphasic spikes with reversed polarity (Fig. 2D,
left and middle), as well as narrow biphasic spikes (Fig.
2D, right), were also recorded in this study.3.2. Electrically induced responses
Ganglion cell responses to local transretinal current
stimuli with diﬀerent parameters were examined. In
most cells (56 out of 58 cells in 13 retinas), the response
showed all-or-none properties. In only 2 out of 58 cells
in two retinas, the amplitude of the electrically induced
response varied when current stimulus parameters were
altered (Data not shown). Two fundamentally diﬀerent
classes of all-or-none responses were observed. One classshowed a parameter invariant constant latency. The sec-
ond class showed variable latencies.
3.2.1. Responses with constant latency
Fig. 3 shows an example of a constant latency re-
sponse. Similar recordings were observed from ﬁve cells
in three retinas. In Fig. 3A, the response to a stimulus
with varying amplitude (10–100 lA) is shown. The stim-
ulus was repeated 10 times at each set of parameters.
The recordings of 10 trials are superimposed in each
trace. As shown in the ﬁgure, no obvious response was
observed when the amplitude of current stimulus was
10 lA (upper trace). A spike response was observed in
each trial when the current amplitude was increased to
50 lA (middle trace). The waveform of the spike was tri-
phasic. The latency of the spike response was 4.38 ± 0.04
ms (mean ± SD, the same below, 10 trials) in this case.
The latency of the spike changed little (4.26 ± 0.03 ms,
10 trials) by a further increase in current amplitude to
100 lA (lower trace). A single spike was observed in
each trial.
The eﬀects of the stimulus pulse duration on this class
of response were examined on the same ganglion cell
(Fig. 3B). The pulse duration of current stimulus was
varied from 100 to 500 ls. As shown in the ﬁgure, no
obvious spike was observed when the pulse duration
was 100 ls (upper trace). Upon increasing the pulse
duration to 200 ls, a spike was elicited in every trial
(middle trace). The latency was 4.45 ± 0.03 ms (10 trials)
in this case, varying little (4.51 ± 0.02 ms, 10 trials) when
the pulse duration was further increased to 500 ls (lower
trace).
Fig. 3C shows the eﬀects of the inter-pulse duration
on the response of the same ganglion cell. The inter-
pulse duration of current stimulus was varied from 0
to 1000 ls. No obvious spike was observed when there
was no inter-pulse duration in the stimulus (upper
trace). When the inter-pulse duration was increased to
500 (middle trace) or to 1000 ls (lower trace), the spike
with a latency of 4.37 ± 0.03 ms (10 trials) or 4.39 ± 0.04
ms (10 trials) was elicited in each trial. The latency of the
spike was not aﬀected by the inter-pulse duration, sug-
gesting that the spike was triggered by the ﬁrst positive
pulse. These results indicated that stimuli with shorter
inter-pulse durations were less eﬀective in exciting the
ganglion cell.
3.2.2. Responses with variable latency
Another class of response had a variable latency. The
latency of the response varied among 10 trials of identi-
cal stimulus parameters. The latency became shorter as
the amplitude of the stimulus increased in this class
(26 cells in 10 retinas). Fig. 4 illustrates the eﬀects of
the stimulus amplitude. The amplitude of stimulus was
increased from 10 to 200 lA in this experiment. Each
trace in A illustrates the superimposed responses of 10
stim.
B
10   Aµ
         50   Aµ
100   Aµ
stim.
100   sµ
200   sµ
500   sµ
1 ms
stim.
   500   sµ
   1000   sµ
20   Vµ
A
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0   sµ
Fig. 3. Electrically elicited responses with a constant latency. All the responses were recorded from the same ganglion cell. The distance between the
center of the planar stimulation electrode and that of the pair of recording electrodes (see Fig. 1B) is 270lm. Each trace is the superposition of
recordings of 10 trials. (A) Eﬀect of stimulus amplitude on cell response. The pulse and the inter-pulse durations of stimuli were ﬁxed at 200 and 100
ls, respectively. (B) Eﬀect of stimulus pulse duration on cell response. The amplitude and the inter-pulse duration of stimuli were ﬁxed at 50 lA and
100 ls, respectively. (C) Eﬀect of stimulus inter-pulse duration on cell response. The amplitude and the pulse duration of stimuli were ﬁxed at 100 lA
and 50 ls, respectively. The total amount of charge applied per phase of the stimulus was 5 nC.
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served when the stimulus amplitude was 10 lA (ﬁrst
row). Spike responses with latency of 51.7 ms and of
60.8 ms were observed in the ﬁrst and ﬁfth trials at the
amplitude of 50 lA (second row). When the amplitude
of the stimulus was increased to 100 lA (third row), a
single spike was elicited in every trial and the latency be-
came shorter (26.2 ± 4.8 ms, 10 trials). As the stimulus
amplitude was increase to 200 lA, the second spike ap-
peared in each trial (fourth row). The latency of the ﬁrst
spike was 13.8 ± 0.8 ms (10 trials) and that of the second
one was 25.1 ± 2.1 ms (10 trials) in this case. It is notable
that the locally applied single biphasic transretinal cur-
rent pulse can give rise to a single spike when its param-
eters are appropriately adjusted.
The waveforms of the spike responses recorded in
Fig. 4A are shown in an expanded time scale in Fig.
4B. In the upper trace (a), the waveforms of the two
spikes induced by the 50 lA stimulus are superimposed.
The middle trace (b) shows ten spikes induced by the
stimulus of 100 lA superimposed. The lower traces (c)
and (d) show spikes induced by the stimulus of 200 lA
superimposed. The ﬁrst spike is shown in (c) and the sec-
ond in (d). The similarity of the waveforms shown in Bindicated all the spikes were recorded from the same
ganglion cell. In this recording, the waveform of the
spike was biphasic. A majority of cells (30 out of 51)
showed a clear biphasic waveform. A triphasic wave-
form was also observed in 4 cells in this response class.
The remaining cases were not discernible because of the
ﬂuctuation of the base line. When the amplitude of stim-
ulus was increased to 200 lA, the ﬂuctuation of the base
line due to small spike activities increased, suggesting
that the number of cells excited by the stimulus in-
creased. Raster plots of 10 trials at each current ampli-
tude (Fig. 4C) show that the latency becomes shorter
and the deviation of the latency becomes smaller as
the amplitude of the stimulus increases.
Fig. 5 shows eﬀects of the pulse duration on re-
sponses with a variable latency. As shown in the ﬁgure,
similar eﬀects as Fig. 4 were observed (16 cells in 6 ret-
inas) when the pulse duration of the stimulus was in-
creased from 100 to 1000 ls. Each trace in A is the
superimposed response of 10 trials. B shows raster plots
of the spikes. No obvious spike was elicited when the
pulse duration was 100 ls. A single spike was induced
in 9 trials, when the pulse duration was increased to
500 ls. In one trial (sixth trial), the second spike with
10 ms
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Fig. 4. Eﬀect of stimulus amplitude on responses with a variable latency. The distance between the stimulation and the recording sites was 960 lm.
(A) The pulse and the inter-pulse durations of stimuli were ﬁxed at 500 and 100 ls, respectively. Each trace is the superposition of recordings of 10
trials. The arrow labeled ‘‘stim’’ represents the onset of the current stimulus. No response with a constant and short latency was observed in these
recordings. (B) The superimposed spikes in expanded scale. The spikes were re-plotted from the responses in (A). (C) Raster plots showing the spike
timings measured at diﬀerent amplitudes of stimulus.
268 L. Li et al. / Vision Research 45 (2005) 263–273a latency of 65.5 ms (indicated by an arrow) appeared
after the ﬁrst spike that had a similar latency to the
other nine trials. The latency of the single spike in 9 tri-
als and the ﬁrst spike in sixth trial was 27.4 ± 4.2 ms (10
trials). The latencies of the spikes became shorter and
the second spike was seen in each trial when the pulse
duration of stimulus was further increased to 1000 ls.
The latency of the ﬁrst spike was 15.2 ± 0.8 ms (10 trials)
and that of the second one was 28.8 ± 2.6 ms (10 trials)
in this case.
The eﬀects of the inter-pulse duration on responses
with a variable latency were investigated (15 cells in 6
retinas). Fig. 6 A shows the superimposed responses in-
duced by diﬀerent inter-pulse durations. B shows raster
plots of the spikes recorded in 10 trials. As shown in the
ﬁgure, no obvious spike was recorded when there was no
inter-pulse duration in the stimulus. A spike was elicited
in 2 out of 10 trials when the inter-pulse duration was
increased to 100 ls. As the inter-pulse duration was in-
creased further to 500 ls, a single spike was induced in 9
trials and two spikes in the ﬁrst trial. The latency of the
single spike in 9 trials and the ﬁrst spike in the ﬁrst trial
was 30.1 ± 6.0 ms (10 trials). Further increase of theinter-pulse duration to 1000 ls did not alter response la-
tency signiﬁcantly (30.7 ± 6.0 ms, 10 trials).
In Fig. 6C, the shortest inter-pulse duration of the
stimulus to induce the response is plotted as a function
of the charge applied per phase for 9 cells examined. As
will be shown in the next section, the threshold of exci-
tation can be evaluated in terms of the charge per
phase of the current stimuli within a range used in
the present study, when the inter-pulse duration was
ﬁxed. As shown in the ﬁgure, the shortest inter-pulse
duration to induce the response decreased as the ap-
plied charge was increased. This suggests that the sec-
ond negative pulse of the stimulus has a suppressive
eﬀect on the excitation induced by the ﬁrst positive
pulse.
3.2.3. Charge dependence of the response
In the previous sections, the eﬀects of the stimulus
amplitude and pulse duration on the induced responses
were examined. The threshold and the number of spikes
were highly dependent not only on the amplitude but
also on the duration of stimulus in the response with a
variable latency. It has been reported in previous exper-
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Fig. 5. Eﬀect of stimulus pulse duration on responses with a variable
latency. The recordings were obtained from the same ganglion cell as
in Fig. 4. (A) The amplitude and the inter-pulse duration of stimuli
were ﬁxed at 100 lA and 100 ls, respectively. Each trace is the
superposition of recordings of 10 trials. The arrow labeled ‘‘stim’’
represents the onset of the current stimulus. No response with a
constant and short latency was observed in these recordings. (B) Raster
plots of the spikes induced with diﬀerent stimulus pulse durations.
Fig. 6. Eﬀect of stimulus inter-pulse duration on responses with a
variable latency. The recordings were obtained from the same ganglion
cell as in Fig. 4. (A) The amplitude and the pulse duration of stimuli
were ﬁxed at 200 lA and 200 ls, respectively. The total charge applied
per phase of the stimulus was 40 nC. Each trace is the superposition of
recordings of 10 trials. The arrow labeled ‘‘stim’’ represents the onset
of the current stimulus. No response with a constant and short latency
was observed in these recordings. (B) Raster plots of the spikes induced
with diﬀerent stimulus inter-pulse durations. (C) The shortest inter-
pulse duration of stimulus to induce the response is plotted as a
function of the charge (per phase) applied with the stimulus. Each
symbol represents a diﬀerent cell. Each point was slightly shifted along
the vertical axis to avoid overlaps. Data from nine cells were plotted in
the ﬁgure. The shortest inter-pulse duration to induce responses
decreased as the charge was increased.
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monopolar electrode can be evaluated by the total
charge of the stimulus. Namely, the electrical stimuli
from the monopolar electrode give rise to similar re-
sponse properties when measured with the total charge
applied (Humayun, 2001).
Fig. 7 shows the responses to stimuli having an equal
charge per phase, which is calculated by multiplying the
amplitude by the duration of the ﬁrst positive pulse, but
diﬀerent amplitude and pulse duration. The responses
shown in A were recorded when the charge per phase
was 50 nC. The upper trace in A shows the response
to the stimulus, the amplitude and the pulse duration
of which was 100 lA and 500 ls, respectively. The lower
trace shows the response to the stimulus with amplitude
and pulse duration of 200 lA and 250 ls, respectively.
The timing of the spike induced by each stimulus is
shown in C. The spike latency of the upper trace of A
was 28.5 ± 4.8 ms (10 trials), and that of the lower trace
of A was 31.4 ± 5.4 ms (7 trials). B shows responses ob-
tained when the charge per phase was increased to 100
nC. In this case, the stimulus used in the upper tracehad amplitude and pulse duration of 200 lA and 500
ls, respectively, and that used in the lower trace had
amplitude and pulse duration of 100 lA and 1000 ls,
respectively. The timing of the spike induced by each
stimulus is shown in D. The latency of the ﬁrst spike
Fig. 7. Responses of a ganglion cell to stimuli with the same charge per phase but diﬀerent parameters. The stimulus inter-pulse duration was 100 ls.
The distance between the stimulation and the recording sites was 808 lm. Each trace is the superposition of recordings of 10 trials. (A) Responses of
the ganglion cell elicited by the same charge per phase (50 nC). Upper trace: pulse amplitude, 100 lA; pulse duration, 500 ls. Lower trace: pulse
amplitude, 200 lA; pulse duration, 250 ls. (B) Responses of the ganglion cell elicited by the same charge per phase (100 nC). Upper trace: pulse
amplitude, 200 lA; pulse duration, 500 ls. Lower trace: pulse amplitude, 100 lA; pulse duration, 1000 ls. The arrows in (A) and (B) stand for the
onset of the current stimulus. (C) and (D) is raster plots of the spikes shown in (A) and (B), respectively.
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13.1 ± 1.2 ms (10 trials) and 21.3 ± 2.3 ms (10 trials),
respectively. The latency of the ﬁrst spike and the second
one of the lower trace of B was 13.6 ± 1.5 ms (10 trials)
and 22.2 ± 4.0 ms (10 trials), respectively. The latency
including both the ﬁrst and the second spikes in the
upper trace and in the lower trace of B was 17.2 ± 4.6
ms (20 spikes in 10 trials) and 17.9 ± 5.3 ms (20 spikes
in 10 trials), respectively.
We have made the analysis of variance (ANOVA) on
these latencies (multiple comparisons, Matlab). There
was no signiﬁcant diﬀerence in the distribution of the la-
tency between the upper case and the lower case in A
(P < 0.001). There was no signiﬁcant diﬀerence between
the ﬁrst spike of the upper case and that of the lower
case in B (P < 0.001). There was also no signiﬁcant dif-
ference between the second spike of the upper case and
that of the lower case in B (P < 0.001). However, the
upper case in A was signiﬁcantly diﬀerent from the
upper case in B as well as from the lower case in B
(P < 0.001). The lower case in A was also signiﬁcantly
diﬀerent from the upper case in B as well as the lower
case in B (P < 0.001). These results indicate that it is
the charge per phase of the stimulus that deﬁnes the
spike latency, and not the individual parameters of the
stimuli in the range observed (5–100 nC, 20 cells in 7
retinas).4. Discussion
This study clariﬁed temporal properties of retinal
ganglion cell responses to local transretinal current stim-uli. Diﬀerent waveforms of spike response were ob-
served by the diﬀerential recording conﬁguration. As
illustrated in Fig. 2, either biphasic or triphasic spikes
were recorded. Spike amplitudes ranged from 10 to
100 lV. This range is similar to that obtained by the
monopolar recording conﬁguration in which the refer-
ence electrode is set in the bath (Grumet et al., 2000;
Ishikane et al., 1999; Meister, Pine, & Baylor, 1994).
The three diﬀerent waveforms, i.e., the biphasic, the nar-
row biphasic and the triphasic waveforms, were re-
corded in the present experiments. The waveforms of
the spikes recorded by the diﬀerential conﬁguration were
similar to the spike waveforms recorded by the monopo-
lar conﬁguration (Ishikane et al., 1999; Meister et al.,
1994). In the diﬀerential recording conﬁguration, how-
ever, responses of reversed polarity were also recorded
since the response polarity changed depending on which
one of the pair of recording electrodes was in the vicinity
of the recorded cell.
In light-induced responses recorded in the present
study, triphasic spikes as well as narrow biphasic spikes
were occasionally found with a constant delay in
diﬀerent pairs of electrodes that were located along a
pathway of the ganglion cell axon. This suggests that
those spikes are conducted along the axon of the gan-
glion cell.
The biphasic spike was thought to be recorded
near the soma of the ganglion cell in the monopolar
recording conﬁguration (Grumet et al., 2000; Ishikane
et al., 1999; Meister et al., 1994). We did not obtained
any biphasic spikes indicating the conduction along
the axonal pathway, which agreed with this inter-
pretation.
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There were fundamentally two diﬀerent classes of re-
sponses elicited by the local transretinal current stimu-
lus. In one class, the latency was rather short (1.5–4.5
ms) and constant over trials. The latency was aﬀected lit-
tle by stimulus parameters, i.e., the amplitude and the
duration, once the spike was elicited. Another class of
response had the latency that was relatively long and
ﬂuctuated from trial to trial. The latency was aﬀected
by the stimulus parameters. We were not able to exam-
ine if there were spikes in a short time after the stimulus
onset (less than about 2 ms but it depended on a
recording) because of an artifact that could not be
eliminated by the diﬀerential recording conﬁguration.
It is, however, unlikely that spikes were induced in
that period since the refractory period after the spike
excitation would prevent the recorded spike if there were
any.
In a previous study on the rabbit retina, two types of
responses exhibiting similar latency properties to those
found in the present study were reported (Jensen, Ziv,
& Rizzo, 2002). However, long latency responses were
reported as a burst of spikes. In the present study, a sin-
gle spike response with a long latency was induced
around the threshold and a double spike, but not a
burst, was induced as the charge applied per phase
of the stimulus was increased. This diﬀerence could
be due to the diﬀerence in either the animal species
or the electrode arrangement. Our result suggests
that the temporal pattern of the spike response train
can be controlled using a corresponding stimulus
pulse sequence, which will be important for retinal
prostheses.
In the chicken retina, Stett et al. reported spike re-
sponses which showed several diﬀerent temporal pat-
terns, i.e., single bursts, a weak delayed discharge, and
early bursts followed by periods of a silence and a de-
layed discharge with smaller amplitude (Stett et al.,
2000). This variety might reﬂect the diﬀerences in
arrangement of stimulus electrodes and stimulus wave-
form from those used in the present study. Namely,
the monophasic voltage pulses were applied diﬀusely
against grounded bath in their case. If it is the case,
the locally applied transretinal electrical stimuli are con-
sidered to be more advantageous to control the tempo-
ral pattern of induced responses.
It has been reported that a diﬀusely applied transreti-
nal current stimulus excited neurons more distal than
ganglion cells, e.g., photoreceptors, bipolar cells and/or
amacrine cells, to release neurotransmitter(s) (Byzov &
Trifonov, 1968; Kaneko & Saito, 1983; Kaneko &
Shimazaki, 1976; Toyoda & Fujimoto, 1984; Toyoda
et al., 1977). The local transretinal current used in the
present study also might be able to stimulate the presy-
naptic cells to excite the ganglion cells. The responseswith a long and ﬂuctuating latency observed in the pre-
sent study could be the ones elicited indirectly through
excitation of presynaptic cells. Further studies are neces-
sary to clarify the mechanisms of how these two types of
responses are elicited.4.2. Eﬀects of stimulus parameters
The eﬀects of the amplitude and the pulse duration of
electrical stimulus were studied in rabbit retinas (Gru-
met et al., 2000; Rizzo & Wyatt, 1997), cat pyramidal
tract cells (Asanuma, Arnold, & Zarzecki, 1976; Stoney,
Thompson, & Asanuma, 1968) and the cat spinal cord
(West & Wolstencroft, 1983). A model study has also
been performed (McIntyre & Grill, 2002). These studies
reveal that the threshold of the excitation decreases as
the pulse duration increases up to a certain value and
further increase of the duration does not aﬀect the
threshold (Asanuma et al., 1976; McIntyre & Grill,
2002; Stoney et al., 1968; West & Wolstencroft, 1983).
It has been suggested that the threshold of the stimu-
lus can be evaluated with a total charge applied to the
tissue. This was conﬁrmed for the local transretinal cur-
rent stimulus used in the present study. In this study the
threshold and the latency of the response were deﬁned
by the total charge per phase of the stimulus, and not
the individual parameters of the stimuli.
In this study, charge-balanced biphasic current stim-
uli were used to induce ganglion cell responses. Such
stimuli are favorable for clinical applications since they
are believed to minimize the electrical damage to neural
tissue and electrodes (Bartlett et al., 1977; Brummer &
Turner, 1977; Lilly et al., 1955; Margalit et al., 2002;
Tehovnik, 1996). The interval of the two phases of the
biphasic stimulus aﬀected the threshold of ganglion cell
excitation. The stimulus with a longer inter-pulse dura-
tion had a lower threshold to excite the ganglion cell
than that with a shorter inter-pulse duration (Figs. 3C
and 6). Once the spike was induced, however, a further
increase of the inter-pulse duration did not aﬀect the
spike properties. This means that the second negative
pulse had a suppressive eﬀect on the ﬁrst positive pulse.
The inter-pulse duration at which the second pulse lost
the suppressive eﬀect on the ﬁrst pulse was diﬀerent in
diﬀerent ganglion cells and was dependent on the charge
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